Abstract. The local binary pattern approach has evolved to represent a significant breakthrough in texture analysis, outperforming earlier methods in many applications. Perhaps the most important property of the LBP operator in real-world applications is its tolerance against illumination changes. Another equally important is its computational simplicity, which makes it possible to analyze images in challenging real-time settings. Recently, we have begun to study image analysis tasks which have not been generally considered texture analysis problems. Our excellent results suggest that that texture and the ideas behind the LBP methodology could have a much wider role in image analysis and computer vision than was thought before.
Introduction
Image texture analysis is an important fundamental problem in computer vision. During the past few years, we have developed theoretically and computationally simple, but very efficient nonparametric methodology for texture analysis based on Local Binary Patterns (LBP). The LBP texture analysis operator is defined as a grayscale invariant texture measure, derived from a general definition of texture in a local neighborhood. For each pixel in an image, a binary code is produced by thresholding its value with the value of the center pixel. A histogram is created to collect up the occurrences of different binary patterns. The basic version of the LBP operator considers only the eight neighbors of a pixel, but the definition has been extended to include all circular neighborhoods with any number of pixels [1, 2, 3] .
Through its extensions, the LBP operator has been made into a really powerful measure of image texture, showing excellent results in terms of accuracy and computational complexity in many empirical studies. The LBP operator can be seen as a unifying approach to the traditionally divergent statistical and structural models of texture analysis. Perhaps the most important property of the LBP operator in realworld applications is its tolerance against illumination changes. Another equally important is its computational simplicity, which makes it possible to analyze images in challenging real-time settings.
The LBP method has already been used in a large number of applications all over the world, including visual inspection, image retrieval, remote sensing, biomedical image analysis, face image analysis, motion analysis, environment modeling, and outdoor scene analysis. For a bibliography of LBP-related research, see [4] .
Recently, we have begun to study machine vision tasks which have not been previously considered texture analysis problems. The LBP methodology has been adapted to outdoor scene classification, face recognition, face detection, facial expression recognition and content based image retrieval with excellent success. We have also developed the first texture-based method for subtracting the background and detecting moving objects in real time. A short description of this recent progress is presented in the following section.
Recent Progress
In [5] , we proposed a new method for view-based recognition of 3D textured surfaces using multiple LBP histograms as texture models. Our method provided the leading performance for the Columbia-Utrect database (CUReT) textures taken in different views and illuminations. The method also performed well in pixel-based classification of outdoor scene textures. These images had wide variability within and between images due to changes in illumination, shadows, foreshortening, self-occlusion, and non-homogeneity of the texture classes.
Finding proper features and representative training samples can be very problematic in this kind of problems. Earlier we proposed a visualization based approach for training a texture classifier, in which LBP features are used for texture description and a self-organizing map (SOM) is employed for visual training and classification [6] . Recently, we developed a more comprehensive framework for texture image labeling [7] . Textures are modeled with complementary measures including various versions of the LBP and Gabor features. Combined use of active learning, co-training, and visualization based learning is applied to feature data, enabling comprehensive, accurate, and user friendly texture labeling.
A novel approach to face recognition was developed which considers both shape and texture information to represent face images [8] . The face area is first divided into several small regions from which the LBP features are extracted and concatenated into an enhanced feature vector to be used as a face descriptor. In extensive experiments using FERET test images and protocol, considering variations in facial expressions, lighting and aging of the subjects, our methodology outperformed the state-of-the-art methods. However, it was unclear whether the high performance was due to the use of local regions (instead of an holistic approach) or to the discriminative power of LBP. Experimental results with four different texture descriptors clearly showed the superiority of the LBP based approach [9] .
A compact LBP based descriptor was also developed for face detection and for the recognition of low-resolution face images [10] . Considering the derived feature space, a second-degree polynomial kernel SVM classifier was trained to detect frontal faces in gray scale images. Experimental results using several complex images showed that our approach performs favorably compared to the state-of-the-art. Additionally, experiments with detecting and recognizing low-resolution faces from video sequences were carried out, demonstrating that the same facial representation can be efficiently used for both detection and recognition.
Two approaches to facial expression recognition from static images were developed using LBP histograms computed over non-overlapping blocks for face description. In the first method, the Linear Programming technique is adopted to classify seven facial expressions (anger, disgust, fear, happiness, sadness, surprise and neutral) [11] . In another approach, a coarse-to-fine classification scheme was used [12] . Good results were obtained for the Japanese Female Facial Expression (JAFFE) database used in the experiments.
Approaches to using LBP in content-based image retrieval were also studied [13] . Block based methods dividing the query and database images (or database images only) into blocks and comparing their LBP histograms were found to perform significantly better that methods based on global LBP histograms. The results for the block based LBP approach were also better than those obtained with the widely used color correlogram features. Image databases taken from the Corel Image Gallery and from a German stamp database were used in experiments.
A novel texture-based method for modeling the background and detecting moving objects from video sequences was developed [14, 15] . Each pixel is modeled as a group of adaptive local binary pattern histograms that are calculated over a circular region around the pixel. The method was evaluated against several video sequences including both indoor and outdoor scenes. It was shown to be tolerant to illumination variations, the multimodality of the background, and the introduction or removal of background objects. Furthermore, the method is capable for real-time processing.
Conclusions
The local binary pattern approach has evolved to represent a significant breakthrough in texture analysis, outperforming earlier methods in many applications. Recently, we have begun to study image analysis tasks which have not been generally considered texture analysis problems. Our excellent results suggest that texture and the ideas behind the LBP methodology could have a much wider role in image analysis and computer vision than was thought before. Our future plan is to explore this thoroughly.
